Introduction
Before birth, oxygenation of the fetus occurs at the placental site. Oxygenated blood is carried to the fetus through the umbilical veins; about 50% of umbilical venous blood passes through the hepatic microcirculation, but the remainder traverses the ductus venosus to the inferior vena cava (1) . In the thoracic portion of the inferior vena cava, there is streaming of the we11-oxygenated ductus venosus blood so that it is preferentially directed through the foramen ovale into the left atrium and left ventricle. The poorly oxygenated blood from the abdominal inferior vena cava is preferentially distributed through the tricuspid valve into the right ventricle (2, 3) . This streaming pattern in the inferior vena cava, combined with the fact that almost all of the poorly oxygenated blood returning to the heart through the superior vena cava passes through the tricuspid valve, explains the presence of a higher oxygen saturation in left ventricular blood, as compared with right ventricular, in the fetus. Most of the blood ejected by the right ventricle into the pulmonary trunk bypasses the pulmonary circulation by being distributed through the ductus arteriosus directly into the descending aorta. Only a small proportion of blood ejected by the left ventricle traverses the aortic isthmus to the descending aorta, most being distributed to the head, neck, and forelimbs (4).
The foramen ovale and ductus arteriosus serve the important role of diverting blood returning to the heart away from the lungs. During fetal life, the lungs do not serve the function of gas exchange; therefore, only a small blood flow is required for metabolic func-tions. Were the foramen ovale not present, the total volume of fetal venous blood, including all umbilical venous as well as superior and inferior vena caval return, would have to be ejected by the right ventricle, thereby imposing a considerable unnecessary load on that ventricle. Similarly, in the absence of a ductus arteriosus, all blood ejected by the right ventricle would have to pass through the lung and return to the left ventricle, thus placing a considerable extra burden on this ventricle.
Although there is considerable streaming of umbilical venous and fetal body venous blood, the bloods do mix centrally, so that blood distributed to the fetal body as well as back to the placenta contains a mixture derived from all sources of venous return. Only a very small proportion of superior vena caval blood is, however, distributed back to the upper body.
After birth, the adult type of circulation is established, consisting of series flow of venous blood to the right atrium and ventricle, which ejects total cardiac output into the lungs, whence it returns to the left atrium and ventricle to be ejected into the aorta. There is thus no significant mixing of oxygenated arterial and poorly oxygenated venous blood. The term cardiac output as applied to the postnatal circulation represents the volume of blood ejected by each ventricle per minute because it refers to the volume of blood circulating in the series circuit. This concept cannot be applied in the fetus because the oxygenated and systemic venous bloods mix and are distributed both to the fetal body and to the lungs. The term combined ventricular output has therefore been used to designate the total volume of blood ejected by the two ventricles per minute.
To establish the adult type of circulation, several important events have to occur after birth. The umbilical-placental circulation is removed by separation of the umbilical cord, and adequate pulmonary circulation must be developed to provide oxygen to the body; also, the foramen ovale and ductus arteriosus must close.
The factors responsible for effecting these changes have been examined to some extent, but separating the role of specific events that occur around birth has been difficult.
Several studies were conducted in lambs exteriorized from the uterus, but with intact umbilical placental circulation (5). In similar preparations, the effects of ventilation were studied in anesthetized, open-chest lambs (6) . Another approach to assessing changes after birth has been to compare measurements made in unanesthetized lambs some days after birth with those made in unanesthetized fetal lambs in utero.
These studies have led to the current concepts that pulmonary blood flow increases markedly after birth, and that, although physical expansion of the lung alone with no change in blood gases has a small effect, the major factor responsible for the postnatal decreases in pulmonary vascular resistance is the increase in alveolar and pulmonary venous P02 (β). It has also been thought that elimination of the umbilical-placental circulation results in a marked increase in systemic vascular resistance, and that this is responsible for reversal of blood flow through the ductus arteriosus from the aorta to the pulmonary circulation. Furthermore, it has been thought that the main factor responsible for closure of the ductus arteriosus was the increase in aortic P02 (7, 8) .
Measurements in newborn lambs have shown that heart rate is higher than in the fetus and that resting cardiac output (measured as the output of both ventricles to compare with the combined ventricular output of the fetus) is considerably higher (9, 10) . These measurements were made two to three days after birth, so the exact time after birth that the changes occurred was not known.
Animal Model
To attempt to define the effects of some of the specific events that occur at the time of birth, we have developed a model for studying fetal lambs in utero. By studying the lamb within the uterus, we could avoid the interference of surface cooling and of handling, which could contribute to circulatory changes. We were able to study the effects of rhythmic ventilation alone without changing fetal blood gases, and then to examine the changes associated with oxygenation. Finally, we studied the response to occluding the umbilical cord in utero while the fetus was well oxygenated and ventilated. Another advantage of this preparation is that it is possible to assess the importance of some of the hormonal changes that occur immediately prior to delivery. It is well known that fetal plasma cortisol and thyroid hormone concentrations increase in the two to three days prior to birth of the lamb (11) . The role of these hormonal changes on the circulatory adaptations after birth has not been well defined, although prenatal thyroid hormone is known to be important for the rise in heart rate and cardiac output after birth (12) . By studying lambs before the hormonal changes have occurred and after administering selective hormones to simulate the rise that normally occurs prenatally, it will be possible to assess their importance.
We prepared 133-135 day gestation fetal lambs for study (term is 145 days). The ewe was given epidural anesthesia and intravenous ketamine sedation. Through an abdominal incision, the uterus was exposed, and through uterine incisions over the hindlimb and over the upper left thorax, the fetus was approached. Using local anesthesia, catheters were placed in a hindlimb artery and vein.
Through the fourth left intercostal space, catheters were inserted into the pulmonary trunk and left atrium and the chest closed by suturing muscle layers and skin. The head and neck were then exposed, and catheters were inserted into an external jugular vein and carotid artery. A 4.5 mm tracheal tube was passed so that its tip was in the trachea just within the thorax; it was attached to two #12 F tubes by means of a Y-connector. Through the same uterine incision, the umbilical cord was identified at the site of attachment to the abdomen, and an inflatable silicone balloon occluder was placed around it; the balloon could be inflated by injecting fluid into it through an attached catheter, resulting in umbilical vessel obstruction, which could be complete. After replacing the fetal head, the uterine incision was sutured. All catheters, including the two tracheal tubes, were led through the left maternal flank to be stored in a cloth pocket sewn to the maternal skin.
The ewe and lamb were allowed to recover for two to three days; the lambs were then studied while the ewe stood quietly in a stall with access to food and water.
Fetal arterial, pulmonary arterial, left atrial, and venous pressures were measured continuously, and the heart rate, triggered from the arterial pressure pulse, was recorded beat-to-beat by means of a cardiotachometer. Blood gases and oxygen saturations were measured in each vessel during a control period and after each manipulation. Similarly, at each period combined ventricular output and its distribution as well as organ blood flows were measured by the radionuclide-labeled microsphere technique. We injected microspheres labeled with different gamma labels simultaneously into the hindlimb and left atrial catheters while blood was being withdrawn, for reference samples, from the pulmonary trunk and carotid and femoral arterial catheters. With these simultaneous injections and withdrawals, we could calculate the combined ventricular output, individual outputs of the left and right ventricles, shunts through the foramen ovale and ductus arteriosus, pulmonary blood flow, and flow to all other fetal organs and the placenta. These calculations have been described in detail (13, 14) .
After making measurements during the control period, similar measurements were made during three subsequent periods:
1) The tracheal tubes were cleared of fluid and the lamb was ventilated by rhythmic expansion of the lungs with a gas consisting of about 3% oxygen and 6-7% C02 with the balance nitrogen. This gas mixture was chosen because the P02 was about 21 torr, and the PC02 42-49 torr, tensions similar to those in fetal blood. Using this mixture, fetal blood gases did not change significantly, so it was possible to examine the effects of rhythmic physical expansion of the lungs alone. Pressures, blood gases, and microsphere studies were measured about 15 min after the onset of ventilation.
2) Ventilation was continued, but the gas was changed to pure oxygen, with about 3-6% C02, sufficient to maintain fetal arterial PC02 constant. Again measurements were repeated about 15 min after oxygen was instituted 3) While continuing to ventilate with oxygen, the occluder on the umbilical cord was inflated to produce complete occlusion. After 15 min of occlusion, studies were repeated.
Ventilation was performed with a specially-designed respiratory pump. A continuous rapid flow of gas was maintained through the tubes during the expiratory phase to wash expired gas out of the long lengths of tubing, and thus dead space was reduced. During the inspiratory phase, positive pressures of about 25 mm Hg above amniotic cavity pressure were used. Ventilatory rates during the three phases were similar at 50 ± 9, 54 ± 10, and 56 ± 12 per min, respectively. The peak positive pressures reached during inspiration were 27 ±10, 25 ±10, and 25 ± 8 mm Hg above amniotic pressure during each of the three periods. Also, we found it was necessary to maintain an end-tidal pressure of 3-15 mm Hg above amniotic pressure to achieve effective lung expansion. We adjusted the inspiratory and end-expiratory pressures to achieve tidal volumes, as measured with a pneumotachograph, of 25-40 ml. The actual tidal volumes achieved during the three periods were 24 ± 15, 37 ± 16, and 31 ± 1 ml, respectively.
Effects of Rhythmic Lung Expansion
Rhythmic expansion of the lungs with the gas containing 3% oxygen produced no significant changes in fetal blood gases. Heart rate, which during the control period was 173 ± 25 per min, fell dramatically to below 100 per min with initiation of lung expansion, but within a few seconds, once rhythmic ventilation was established, it returned to a level of 152 ±.16 per min, which was slightly but not statistically significantly below control. Pressures in the aorta and pulmonary artery did not change significantly, but left atrial pressure increased from 3 ± 3 t o 6.9±4mmHg.
The combined ventricular output did not change significantly from its control value of 398 ± 81 ml/min/kg fetal weight. There was a striking increase in pulmonary blood flow from 136 ± 75 to 778 ± 513 ml/min/100 g lung weight. Pulmonary vascular resistance, cal- Blood flow to the carcass (skin, muscle, and bone) fell significantly from 15.3 ±'3.2 to 11.1 ± 4.0 ml/min/100 g tissue weight.
Also, gastrointestinal blood flow fell significantly. There were also small, but not significant, changes in blood flow to the kidneys and brain, and in umbilical-placental blood flow.
Ventilation with Oxygen
Ventilation of the fetus with oxygen resulted in a marked increase of fetal arterial P02 from 19 ± 4 to 171 ± 164 torr. Heart rate was not significantly different from control levels. Aortic mean pressure fell from 53 ± β to 47 ± β mm Hg, and pulmonary arterial mean pressure fell from 55 ± 7 to 47 ± β mm Hg during oxygenation; mean left atrial pressure increased further to 8 ± 4 mm Hg. 
Effects of Umbilical Cord Occlusion
The umbilical cord was occluded while the fetus was being ventilated with oxygen. No significant changes in blood gases or pH occurred as compared with ventilation with oxygen. Heart rate fell slightly in some fetuses for several seconds, but rapidly recovered so that no statistically significant changes in heart rate were Quite apparently from these studies, elimination of the umbilicalplacental circulation is not a major hemodynamic event in influencing the circulatory changes.
The increase in peripheral vascular resistance that occurred during lung expansion without oxygenation could be related to reflexes arising from the lungs. Also possibly, associated with the reduced pulmonary vascular resistance, a larger percentage of combined ventricular output is distributed to the lungs. Because combined ventricular output did not increase, the amount distributed to the fetal body falls, and the vascular resistance may increase to maintain arterial pressure.
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Blood flow to the brain and the myocardium did not change with ventilation alone, but fell dramatically with oxygenation. This response is related to the profound influence that oxygen delivery has on cerebral and myocardial blood flow (18) . The increase in oxygen content associated with ventilation with oxygen causes blood flow to these two organs to fall because oxygen delivery can be maintained with much lower flow rates.
Although many of the circulatory changes occurring after birth can be explained by the events examined in this study, the increase in heart rate and cardiac output was not observed. The lack of these changes could be related to many factors. We have previously shown that fetal lambs subjected to thyroidectomy about two weeks before delivery do not show the expected postnatal increase in heart rate and cardiac output (12) . The lambs we studied may not have been subjected to the usual prenatal increase in thyroid hormone activity, and this could account for the lack of response. A second possible explanation is that exposure to cold may be an important factor in initiating a catecholamine response and thus producing the usual cardiovascular response. A third factor that could account for the lack of the response is that the lamb was ventilated by positive pressure. Spontaneous increase in ventilatory activity can increase heart rate in newborn lambs during hypoxemia (19), whereas fetal lambs, which do not show respiratory activity with hypoxemia, develop bradycardia (20) .
In conclusion, it is apparent that the experimental model we have developed provides explanations for many of the changes in the circulation that occur during and after birth, but cannot provide mechanisms for all the changes. It will be possible, however, to examine the role of additional perinatal events, such as the effects of administration of hormones to simulate the prenatal surge in plasma hormone concentrations, and of cooling.
